Diffusion limited cluster aggregation and gelation of hard spheres is simulated using off-lattice Monte Carlo simulations. A comparison is made of the wall-particle correlation function with the particle-particle correlation function over a range of volume fractions, both for the initial system of randomly distributed spheres and for the final gel state. For randomly distributed spheres the correlation functions are compared with theoretical results using the Ornstein-Zernike equation and the Percus-Yevick closure. At high volume fractions (φ > 40%) gelation has little influence on the correlation function, but for φ < 10% it is a universal function of the distance normalized by correlation length (ξ) of the bulk. The width of the depletion layer is about 0.5ξ. The concentration increases as a power law from the wall up to r ≈ ξ, where it reaches a weak maximum before decreasing to the bulk value.
I. INTRODUCTION
Particles are depleted from the surface of a hard wall by excluded volume interaction. Depletion is an important phenomenon as it is the origin of flocculation and phase separation in a variety of systems [1] and can lead to slippage in shear experiments [2] . Depletion from a hard wall leads to a concentration profile: C(r) = C · g w (r), where g w (r) is the wall-particle correlation function and C is the number concentration in the bulk. In the case of hard spheres, g w (r) has been calculated by the same FIG. 1: Particle-particle correlation function for gels formed by DLCA at different volume fractions [13] . The straight line has slope -1.2. The inset shows a blow-up of the minimum close to r/Rc = 1 * Electronic address: Taco.Nicolai@univ-lemans.fr approach that was used to calculate the particle-particle correlation function (g p (r)), i.e. utilizing the OrnsteinZernike equation with the Percus-Yevick closure relation [3] . It was found that g w (r) resembles g p (r), except that the amplitude of the oscillations is lower for g p (r). An alternative approach is to calculate g w (r) within the framework of density functional theory [4] .
Aggregation of the spheres has a profound influence on the structure of the system and one expects that it also influences the depletion from a hard wall. Aggregation of particles is a common phenomenon that leads to the formation of gels of widely different systems such as spherical [5] and disk-like [6] mineral particles, globular proteins [7] and emulsions [8] . Perhaps the simplest realistic model of aggregation is diffusion limited cluster aggregation (DLCA). In this model particles and clusters have Brownian motion and stick irreversibly every time they collide. Computer simulations and experiments [9] have shown that self similar aggregates are formed as long as they are dilute with a fractal dimension d f = 1.8 that relates their size (R) to their mass (m):
However, when the clusters grow their cumulated volume fraction increases: V cum ∝ R 3−d f , so that the average distance between the clusters decreases [10] . At some value of R the clusters occupy the whole volume (V cum ≈ 1) and interpenetrate. For strongly interpenetrated clusters the aggregation process that leads to gelation is well described by the static percolation model. Percolating clusters have a fractal dimension d f = 2.5 and are highly polydisperse [11] . After the gel point the clusters progressively collide with the system spanning gel until finally all particles are bound together.
Recently, DLCA has been studied in great detail using off-lattice Monte-Carlo simulations [12, 13] . It was found that the (broad) transition from clusters with d f = 1.8 to those with d f = 2.5 occurs at a characteristic radius of gyration (R c ) that scales as expected with the particle volume fraction (φ = C · π/6):
, with d f = 1.8. The diameter of the spheres has been set to unity. g p (r) of the gels decreases following a power law for r > 3 with slope d f − 3 showing the fractal structure at length scales below R c . At r ≈ R c , g p (r) has a weak minimum before it reaches unity. A universal behaviour is found for r > 3 if g p (r) is plotted as a function of r/R c both for lattice and off-lattice simulations, see Fig. 1 . This universal behaviour can only be observed if R c is large, i.e. at low volume fractions. The structure at very small distances (r < 3) is determined by the detailed way in which the particles connect.
During the aggregation process the characteristic length scale, correlation length (ξ), over which the system is fractal is initially proportional to the z-average radius of the aggregates, but stabilizes at a value close to R c when the aggregates interpenetrate and the gel is formed [13] . We may consider the system of interpenetrated aggregates or the gel as an ensemble of blobs with size ξ.
II. RESULTS AND DISCUSSION
Here we present a study of the influence of DLCA on the depletion layer at a hard wall using off-lattice MonteCarlo simulations. We will briefly describe the method we used, see [12] for more details. The simulations were done in a cubic box with size L 3 . N spheres with diameter unity are randomly positioned in the box leading to a number concentration C = N/L 3 . A cluster is a collection of connected spheres. Unconnected spheres or clusters are randomly chosen and move in a random direction over a distance s << 1 with a probability inversely proportional to their diameter. If during a movement a sphere crosses an edge of the box, the movement is truncated at contact. If two spheres overlap, the movement is also truncated at contact and the spheres, that become part of a larger cluster, are connected together and now move collectively. This is repeated until the box contains a single cluster. We have used boxes of size 50 ≤ L ≤ 200 and did not notice any finite size effects in the concentration range we studied (1% ≤ φ ≤ 40%). We have chosen s < 0.01 and have observed an effect of the step size on g p (r) only for 1 < r < 1 + s and on g w (r) only for 1/2 < r < 1/2 + s.
In Fig. 2 we compare g w (r) and g p (r) for the initial state of randomly distributed spheres at different volume fractions. Obviously, spheres are excluded for r < 0.5 from the wall and for r < 1 from another particle. For r slightly larger there is an excess concentration of parti- cles, which leads to a strongly damped oscillation of g w (r) and g p (r) with wavelength unity. The shape of g p (r) and g w (r) is similar, but the amplitude of the oscillations is somewhat larger for the latter. The extent of the depletion induced ordering decreases rapidly with decreasing volume fraction and is very small for φ < 10%. Solid lines represent the theoretical results using the OrnsteinZernike equation with the Percus-Yevick closure relation [3] . Small but significant differences are visible between the simulations and the theory both for g p (r) and g w (r).
In Fig. 3 we show g w (r) for the final gels formed by DLCA. As was discussed in [13] , the structure is little influenced by aggregation at high concentrations, because the average distance between the sphere surfaces (∆) decreases strongly with increasing φ so that the aggregation process is terminated after the spheres have moved only over a small distance. In fact, the range of r where modification can be expected is between 1/2 and 1/2 + ∆ for g w (r) and between 1 and 1 + ∆ for g p (r). Fig. 4 shows the development of the depletion layer at a low volume fraction (2%) during aggregation and gelation. The formation of the depletion layer mirrors that of the corresponding particle-particle correlation functions which can be found in Fig. 6 of [13] . Initially, the depletion layer broadens in proportion to the growth of the aggregates and its width is close to the radius of the aggregates. When the aggregates start to interpenetrate the width of the depletion layer is no longer proportional to the aggregate size, but to the correlation length of the system. After the gel point the correlation length of the system and therefore the depletion layer remains almost constant until the end of the process. Beyond the depletion layer a layer with excess particle concentration is formed. The maximum of g w (r) is situated at r close to that of the minimum of the corresponding g p (r). Fig. 3 shows that the depletion layer of the gels broadens with decreasing volume fraction. In view of the results obtained for g p (r), see Fig. 1 , one might expect to observe universal behaviour if g w (r) is plotted as a function of r/R c . Fig. 4 shows that a master curve is indeed obtained within the experimental error for φ < 10%. The same results are obtained with lattice simulations (not shown) because the details of the local structure are no longer important for r >> 1. The width of the depletion layer is approximately R c /2, while the maximum is situated at r ≈ R c . In a double logarithmic representation one can clearly see that the depletion layer is characterized by a power law increase of g w (r) with exponent 2.2.
Early in the aggregation process the centre of mass of the aggregates is excluded from the wall up to a distance r ≈ R g . When R g ≈ R c the aggregates fill up the whole space and start to interpenetrate. Further aggregation does not involve movement over large distances and can essentially be described as a static percolation process. This is why the width of the depletion layer stagnates close to the gel point at a value of about R c . Schematically we may consider the gel at contact with the wall as a layer of blobs with size R c . If we assume that the fractal structure of the blobs in this surface layer is the same as in the bulk, then g w (r) 8 . This is clearly not observed in the simulations, which implies that the structure of the gel close to the wall is different from the bulk.
The difference originates from the influence of the wall on the diffusion controlled aggregation process. Steric depletion induces a layer of excess concentration away from the wall. The layer with excess concentration acts as a sink for smaller clusters that are not sterically depleted from the wall. This is similar to the diffusion induced depletion layer around the clusters in the bulk. Therefore the depletion layer at the wall is both induced by diffusion and by excluded volume. The position of the excess concentration shifts to larger r as the correlation length of the system grows until it stagnates at R c . One might expect the maximum to be followed by a minimum caused by diffusion induced depletion. However, the minimum is very weak like in bulk.
III. CONCLUSION
We conclude that the width of the depletion layer of fractal aggregates and gels at a hard wall is close to the correlation length of the bulk systems. At low volume fractions the particle concentration increases from a very small value at the surface to the bulk concentration at r ≈ ξ following a power law with exponent 2.2. The depletion layer is followed by a layer with a maximum excess concentration of about 30%. The depletion layer of gels formed by DLCA at different volume fractions is the same if the distance from the wall is scaled with R c ∝ φ d f −3 , using df=1.8.
